Abstract Triterpenoid saponins are the class of secondary metabolites, synthesized via isoprenoid pathway. Oxidosqualene cyclases (OSCs) catalyzes the cyclization of 2, 3-oxidosqualene to various triterpene skeletons, the first committed step in triterpenoid biosynthesis. A full-length oxidosqualene cyclase cDNA from Bacopa monniera (BmOSC) was isolated and characterized. The open reading frame (ORF) of BmOSC consists of 2,292 bp, encoding 764 amino acid residues with an apparent molecular mass of 87.62 kDa and theoretical pI 6.21. It contained four QxxxxxW motifs, one Asp-Cys-Thr-Ala-Glu (DCTAE) motif which is highly conserved among the triterpene synthases and another MWCYCR motif involved in the formation of triterpenoid skeletons. The deduced amino acid sequence of BmOSC shares 80.5 % & 71.8 % identity and 89.7 % & 83.5 % similarity with Olea europaea mixed amyrin synthase and Panax notoginseng dammarenediol synthase respectively. Phylogenetic analysis revealed that BmOSC is closely related with other plant OSCs. Quantitative real-time PCR (qRT-PCR) data showed that BmOSC is expressed in all tissues examined with higher expression in stem and leaves as compared to roots and floral parts.
Introduction
Various plant species have been used traditionally as a brain tonic in Indian ayurvedic medicine. Bacopa monniera, also known as Bacopa monnieri is one of the most popular small medicinal herb growing in marshy areas throughout the Indian subcontinent (Tiwari et al. 2006) . It contains alkaloids (brahmine and herpestin), glycoside (asiaticoside), flavonoids (apigenin and luteolin) and saponins such as bacosides, considered to be the major active constituent of the plant (Mathew et al. 2010) . Bacopa extract is mainly used for the treatment of anxiety and improvement of intelligence and memory (Singh and Dhawan 1997) . In addition, it also possesses anti-inflammatory, antipyretic, analgesic, sedative, free radical scavenging and anti-lipid peroxidative activities (Anbarasi et al. 2005; Kishore and Singh 2005) . The main active chemical constituent of this plant are triterpenoid saponins (Garai et al. 1996) and the pharmacological properties are mainly attributed to the triterpenoid saponin compounds present in the plant extract (Sivaramakrishna et al. 2005) .
Different type of triterpenes and plant sterols are synthesized via isoprenoid pathway by oxidosqualene cyclases (Abe et al. 1993) . Till date, OSCs cDNA involved in sterol and triterpenes biosynthesis have been cloned and characterized from various organisms including fungi, yeasts, rat, human and plants. For example, β-amyrin synthase and cycloartenol synthase from P. ginseng (Kushiro et al. 1998) , five OSCs from Kalanchoe daigremontiana (Wang et al. 2010) , dammaranediol synthase from Centella asiatica (Kim et al. 2009 ), β-amyrin synthase from Aster sedifolius and Arabidopsis thaliana (Shibuya et al. 2009 ) and OSC from Aster tataricus and tomato (Wang et al. 2011; Sawai et al. 2011) , have been cloned and functionally characterized in mutant yeast strain GIL77, having lanosterol synthase deficiency. The catalytic functions of several plants OSCs have been studied using the S. cerevisiae yeast mutants and Pichia pastoris strains (Kajikawa et al. 2005; Ito et al. 2011; Xue et al. 2012; Sun et al. 2013) . Confalonieri et al. (2009) over-expressed the Aster sodifolius β-amyrin synthase (AsOXA1) in Medicago truncatula and observed significantly higher amount of some triterpenes accumulation in leaf and roots. Transgenic lines of soybean with RNAi construct of β-amyrin synthase cDNA fragment with seed specific promoter, exhibited stable reduction in seed saponin content, correlating with β-amyrin synthase mRNA reduction (Takagi et al. 2011) . This suggests that OSCs may play an important role in enhancement of triterpenes and saponin production.
Triterpenoid saponins from B. monniera (bacosides) have immense medicinal importance but yield of such compounds from the plant is very low. Therefore, development of transgenic lines with improved bacosides content by alteration of biosynthetic pathway may offer the solution. This is the first report on cloning and characterization of an oxidosqualene cyclase gene from B. monniera, the first committed step for biosynthesis of triterpenod saponins (Wang et al. 2010 ).
Materials and methods
Plant material, RNA isolation and cDNA synthesis B. monniera (L.), maintained in a green house at National Chemical Laboratory (NCL) premises under standard conditions were used for RNA isolation. Total RNA was isolated from B. monniera leaves by Trizol method (Sigma, USA) as per manual instruction and 1.0 μg of total RNA was reversetranscribed by AMV-RT (Promega, USA) with oligo (dT) 15 primer. The reaction was carried out at 42°C for 90 min and final denaturation step at 70°C for 10 min.
Oxidosqualene cyclase gene isolation
Sequences for OSC available at NCBI GenBank database were aligned with Clustal W program. Primers were designed from conserved regions ( Supplementary Fig. S1 ) and PCR was done using cDNA as template for partial BmOSC gene amplification. The PCR was carried out in a thermal cycler (BIO-RAD, USA) under the following conditions: 1 cycle of 94°C (5 min), 35 cycles of 94°C (30 s), 55°C (30 s) and 68°C (1 min 45 s), and final extension at 68°C (7 min). The PCR product amplified with primers OSC F3 5′-TTCCTA TGCACCCAGC(T/A)AAAATGTGG-3′ and OSC R4 5′-ATCACCATCTTCCATCTGAGA(G/A)TTGAT-3′ was analyzed on 1 % agarose gel and cloned in T/A cloning vector pGEM-T easy (Promega, USA). The ligated product was transformed into E. coli (XL10 Gold, Stratagene, USA) competent cells and plated on LB agar plates containing ampicillin (100 μg/mL). Plasmids were isolated from selected clones and subjected to sequencing with T7 and SP6 promoter primers from both the ends of the insert.
The RACE PCR protocol was implemented to isolate fulllength gene. Two forward and two reverse gene specific primers were designed from the partial BmOSC sequence are as follows: RaceOSC F 5′-CACTCAAAATGAGGAAGGT GGATGG-3′, RaceOSC Nested F 5′-ATC GCACCAATCTT GTGCAGACTG-3′ for 3′ RACE and RaceOSC R 5′-AGG CTTGAC ATAAATTTCTTGCCTGA-3′, RaceOSC Nested R 5′-GGTCCATGGTATCTCTTTCCA TAGA-3′ for 5′ RACE. GeneRacer Kit (Invitrogen, USA) was used for RACE PCR and 3′ RACE and 5′RACE ready cDNA was prepared from total RNA as per manual instructions. Primary PCR for 3′ RACE and 5′RACE was done using primers RaceOSC F/GeneRacer 3′ primer (provided with the kit) and RaceOSC R/GeneRacer 5′ primer (provided with the kit) respectively. The 3′ and 5′ RACE nested PCR products were cloned in pGEM-T easy vector and sequenced. Based on 3′ and 5′ RACE sequence data, the primers from start and stop codon, OSC full F (5′-ATGTGGAGGCTAAAGATTGC-3′) and OSC full R (5′-CTATTTCATCAATTTGTTTACGAGTATC-3′) were designed to amplify open reading frame (ORF) of the gene as a single PCR product under the conditions: 94°C (5 min), 35-cycles of 94°C (30 s), 55°C (30 s), 68°C (2 min 30 s) and final extension of 68°C for 10 min. A single PCR product (2,295 bp) was cloned in T/A cloning vector pGEM-T easy and sequenced.
Bioinformatics and phylogenetic tree analysis
The partial and full-length BmOSC sequences were analyzed using online bioinformatics tools (http://www.ncbi.nlm.nih. gov). The deduction of the amino acid sequences, calculation of theoretical molecular mass and pI, was performed with ExPASy Proteomic tools provided at http://www.expasy. ch/tools/. Conserved domains in BmOSC were detected using Conserved Domain Database search tool (CDD) on NCBI server (http://www.ncbi.nlm.nih.gov/structure/cdd/wrpsb.cgi). Multiple alignments of the amino acid sequences were carried out with the Clustal W1.8 program (http://www.ebi.ac.uk/ clustalw/). Global alignment of two amino acid sequences and percentages of identity was calculated using EMBOSSNeedle Pairwise Sequence Alignment (http://www.ebi.ac.uk/ Tools/psa/). Phylogenetic tree was obtained using MEGA 4.0.2 program by Neighbor-Joining method (Tamura et al. 2007 ) and reliability of nodes has been tested with 500 bootstrap replicates.
Gene expression analysis (Quantitative Real-time PCR)
Semi-quantitative and quantitative real-time PCR (qRT-PCR) were used to assess the distribution and expression of BmOSC transcripts in different plant parts, including stem, leaf, root, sepal, petal and pedicel. Total RNA was isolated from different tissue samples and 1.0 μg of total RNA was used for first strand cDNA synthesis using cDNA synthesis kit (Promega). qRT-PCR reaction was performed using diluted synthesized cDNAs and gene specific primers qOSC F (5′-GCATGTGGAATGCA CTGCTTCTGT-3′) and qOSC R (5′-TGCCTTCGCCAC GGAGATTTCTAT-3′). All the reactions were normalized using 18S rRNA gene amplification as an internal control (18S F 5′-GCACGCGCGCTACACCGAAG -3′; 18S R 5′-GTCTGTACAAAGGGCAGGGACG -3′) (Vishwakarma et al. 2012) . MxP3000 instrument (Stratagene, USA) and Brilliant SYBR Green QPCR master mix (Stratagene) were used for detection, and the PCR condition was as follows: 94°C (10 min), 40 cycles of 94°C (30 s), 55°C (30 s), and 72°C (30 s). All reactions were run in triplicate and repeated twice. The relative expression of gene was analyzed using comparative Ct method (2 -ΔΔCt ).
Results and discussion
Cloning and characterization of oxidosqualene cyclase gene of B. monniera A 1,407 bp long partial fragment was obtained by PCR with primers OSC F3/R4 from B. monniera leaves. The partial sequence BLAST query at NCBI showed 73 %-77 % identity with reported plant OSCs. Gene specific primers were designed from this fragment and 3′ and 5′ RACE PCRs were performed to obtain full-length BmOSC cDNA ( Supplementary Fig. S2 ). The 3′RACE nested PCR product of approximately 500 bp with RaceOSC Nested F/GeneRacer 3′nested primer and approximately 1 kb 5′ RACE nested PCR product with RaceOSC Nested R/ 5′ GeneRacer nested primer, were cloned and sequenced. BLAST analysis of 3′ RACE (491 bp) and 5′ RACE (1,084 bp) sequences showed the identity with reported oxidosqualene cyclases. After confirmation as oxidosqualene cyclase by BLAST analysis, the full-length cDNA sequence (2,765 bp) contained ORF (2,292 bp), 5′ UTR (260 bp) and 3′ UTR (188 bp), was designated as BmOSC and submitted to NCBI GenBank database (Acc. No. HM769762). The BmOSC ORF encodes polypeptide of 764 amino acid residues with apparent molecular mass and pI of 87.61 kDa and 6.21 respectively. EMBOSS-Needle Pairwise Sequence Alignment indicated that BmOSC is sharing 80.5 % & 71.8 % identity and 89.7 % & 83.5 % similarity with O. europaea and P. notoginseng respectively. CDD search revealed that BmOSC belongs to ISOPREN_C2_like super family and showed specific hits with squalene cyclase domain subgroup 1 (SQCY_1). Different active site cavities and highly conserved aspartic acid (Asp) residue, function as a catalytic acid (Wendt et al. 1997) were observed, correspond to Asp 481 in case of BmOSC sequence ( Fig. 1a and b) . The secondary structure prediction of BmOSC by SOPMA (Geourjon and Deleage 1995) revealed that BmOSC was predominantly consisted of α-helices (43.32 %) and random coils (39.92 %), with very few sheets (10.60 %) and β-turn (6.15 %).
In addition, the multiple sequence alignment of Bacopa BmOSC with other reported OSC sequences showed consensus sequences including four QxxxxxW motifs, stabilizing the OSCs structure. The highly conserved DCTAE motif ( 481 DCTAE 485 in BmOSC) plays a key role in substrate binding and protonation (Wang et al. 2011) . Recently, mutation study in the DCTAE motif of Euphorbia tirucalli OSC revealed, DCTAE as a putative initiation site for the polycyclization reaction (Ito et al. 2013) . Kushiro et al. (2000) demonstrated that the tryptophan residue in the MWCYCR motif of β-amyrin synthase from pea plays an important role in synthesis of β-amyrin. The BmOSC amino acid sequence also contains the 253 MWCYCR 258 motif (Fig. 2) , suggesting that the enzyme may be involved in formation of cyclic backbone leads to formation of bacosides in B. monniera. Phylogenetic tree analysis showed that BmOSC is closely related to a number of other dicot OSCs and grouped in the cluster of O. europaea, P. notoginseng and Centella asiatica (Fig. 3) .
Expression analysis of BmOSC transcripts in different tissue of B. monniera (qRT-PCR)
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Glycyrrhiza uralensis BAS (ACV21067)

Glycine max BAS (AAM23264)
Lotus japonicus BAS (BAE53429)
Medicago truncatula BAS (CAD23247)
Pisum sativum BAS (BAA97558)
Polygala tenuifolia BAS (ABL07607)
Vaccaria hispanica BAS (ABK76265)
Arabidopsis thaliana BAS (BAG82628)
Solanum lycopersicum BAS (ADU52574)
Aralia elata BAS (ADK12003)
Betula platyphylla BAS (BAB83088)
Ricinus communis CAS (XP_ 002513298)
Euphorbia tirucalli BAS (BAE43642)
Artemisia annua BAS (ACA13386)
Aster tataricus SS (BAK52535)
Kalanchoe daigremontiana LS (ADK35126)
Kalanchoe daigremontiana FS (ADK35125)
Ricinus communis LS (ABB76766)
Bruguiera gymnorhiza LS (BAF80444)
Nigella sativa BAS1 (ACH88048)
Avena longiglumis BAS (AAT38894)
Avena strigosa BAS1 (CAC84558)
Cheilocostus speciosus CAS (BAB83253)
Lotus japonicus LS (BAE53430)
Betula platyphylla LS (BAB83087)
Olea europaea LS (BAA86930)
Taraxacum officinale LS (BAA86932)
Bacopa monniera OSC (ADM86392)
Olea europaea mixed amyrin synthase (BAF63702) BmOSC expression pattern in Bacopa is similar to the earlier reports from M. truncatula and Pisum sativum, where OSC expression was higher in stem (Iturbe-Ormaetxe et al. 2003) .
Centella asiatica BAS (AAS01523)
Panax notoginseng DDS (AED99865)
Panax ginseng BAS (BAD15332)
Panax quinquefolius DDS (AED99864)
Panax ginseng DDS (ACZ71036)
Panax ginseng DDS (AEO27862)
Dryopteris crassirhizoma DDS (BAG68223)
In Catharanthus roseus, qRT-PCR results revealed that two OSCs were expressed in all the aerial tissues with the highest expression levels in the leaves, but not in the roots and the gene expression data were consistent with the triterpenoid accumulation pattern (Huang et al. 2012) . Recently, it has been reported that bacoside A in B. monneira accumulates mostly in vegetative parts as compared to the floral parts (Naik et al. 2012) , and in our study, BmOSC mRNA expression is consistent with bacoside A content accumulation. Thus, we can say BmOSC may be associated with triterpenoid saponin bacosides biosynthesis in Bacopa. In contrast, the expression level was highest in flower, and roots and hypocotyls in case of Nigella sativa (Scholz et al. 2009 ) and Glycyrrhiza glabra (Hayashi et al. 2001) respectively. In other reports, the accumulation of transcripts was higher in leaves of Gentiana straminea (Liu et al. 2009 ) and C. asiatica (Kim et al. 2005 ).
The accumulation of asiaiticosides in Centella was higher in leaves and agreement with OSC transcript accumulation.
In conclusion, the present study of cloning and characterization of oxidosqualene cyclase cDNA will provide a potential avenue for developing transgenic Bacopa plants which over express this gene for enhanced production of important triterpene saponins.
